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bNeuroradiology Section, Princess Margaret Hospital, University of Toronto, Toronto, Ontario, CanadaAbstractPurpose: We previously demonstrated the validity of axial source (AxS) image quantification of computed tomographic angiography (CTA)
visualized carotid stenosis. There is concern that AxS images may not accurately measure stenosis in patients with obliquely orientated
stenosis and that measurements on axial oblique (AxO) multiplanar reformats (MPR), maximum intensity projections (MIP) images, or
Doppler ultrasound (DUS) are superior. We tested the performance of AxS images against AxO MPRs, MIPs, and DUS techniques for
stenosis quantification.
Methods: A total of 120 consecutive patients with CTA and DUS detected carotid disease were enrolled; carotids with occlusion, near
occlusion, or stenosis <40% were excluded. Proximal and distal carotid diameters and North American Symptomatic Carotid Endarterec-
tomy Trial (NASCET) style ratios were measured independently by 2 neuroradiologists on AxS, AxO, and MIP images on separate occasions
in a blinded protocol. Intra- and interobserver agreements were determined for all measurements. The performance of different image types
to identify 70% stenosis was assessed against a NASCET-style reference standard.
Results: Intra- and interobserver reliabilities for stenosis measurements were higher for both AxS (interclass correlation coefficients [ICC],
0.87e0.93 and 0.84e0.89) and AxO images (ICCs, 0.82e0.89 and 0.86e0.92) than for MIPs (ICCs, 0.66e0.86 and 0.79e0.82), respectively.
Intra- and interobserver agreements on the NASCET ratio tended to be lower than proximal stenosis measurements. AxS and AxO image
proximal stenosis measurements most accurately distinguished patients with 70% stenosis (0.90), followed by DUS (0.83) and MIP images
(0.76).
Conclusions: A single AxS image stenosis measurement was highly reproducible and accurate in the estimation of carotid stenosis, which
precluded the need for AxO MPRs.Re´sume´Objet: La validite´ de la quantification de la ste´nose carotidienne sur les images source en axial (AxS) visualise´e au moyen de l’an-
giographie par tomodensitome´trie (TDM) a de´ja` e´te´ de´montre´e. Il se peut que les images AxS ne puissent mesurer pre´cise´ment le degre´ de
ste´nose chez les patients ayant une ste´nose d’orientation oblique et que les mesures des reformatages multiplans (MPR),les images a`
projection d’intensite´ maximale (MIP) ou de l’e´chographie Doppler (DUS) en plan axial oblique (AxO) soient supe´rieures. Nous avons
teste´ le rendement des images AxS comparativement aux techniques MPR, MIP et DUS en plan axial oblique pour la quantification du
degre´ de ste´nose.
Me´thodes: Au total, 120 patients conse´cutifs ayant une maladie carotidienne de´cele´e par TDM et DUS ont e´te´ retenus; les carotides pre´-
sentant une occlusion, une quasi-occlusion ou une ste´nose infe´rieure a` 40 % ont e´te´ exclues. Les diame`tres proximal et distal des carotides et
les indices NASCET ont e´te´ mesure´s inde´pendamment par deux neuroradiologistes a` l’aide d’images AxS, AxO et MIP a` des occasions
distinctes dans le cadre d’un protocole a` l’aveugle. La concordance intra- et interobservateur a e´te´ de´termine´e pour toutes les mesures. La
capacite´ des diffe´rents types d’images a` de´celer une ste´nose supe´rieure ou e´gale a` 70 % a e´te´ e´value´e par rapport aux standards NASCET.
Re´sultats: La fiabilite´ intra- et interobservateur pour la mesure du degre´ de ste´nose e´tait plus e´leve´e pour les images AxS (coefficients de
corre´lation interclasse [CCI], 0,87 a` 0,93 et 0,84 a` 0,89) et AxO (CCI, 0,82 a` 0,89 et 0,86 a` 0,92) que pour les MIP (CCI, 0,66 a` 0,86 et 0,79 a`
0,82), respectivement. Les concordances intra- et interobservateur de l’indice NASCET avaient tendance a` eˆtre infe´rieures aux mesures* Address for correspondence: Richard I. Aviv, MBChB, Division of
Neuroradiology, Sunnybrook Hospital, 2075 Bayview Avenue, Toronto,
Ontario M4N 3M5, Canada.
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128 P. Howard et al. / Canadian Association of Radiologists Journal 61 (2010) 127e132proximales du degre´ de ste´nose. Les mesures proximales du degre´ de ste´nose par images AxS et AxO ont distingue´ le plus pre´cise´ment les
patients ayant une ste´nose supe´rieure ou e´gale a` 70 % (0,90), suivies des images DUS (0,83) et MIP (0,76).
Conclusions: La mesure du degre´ de ste´nose au moyen d’une seule image AxS s’est re´ve´le´e tre`s reproductible et pre´cise pour e´valuer la
ste´nose carotidienne, e´liminant la ne´cessite´ de la technique MPR en AxO.
 2010 Canadian Association of Radiologists. All rights reserved.
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Digital subtraction angiography (DSA) technology does
not provide an easy reference for direct millimeter stenosis
measurements [1,2]. North American Symptomatic Carotid
Endarterectomy Trial (NASCET) ratios were developed as
a convenient method of quantifying carotid stenosis on DSA,
however, these are less accurate than 3-dimensional (3D)
DSA because of difficulty in ensuring tangential acquisition
to the tightest stenosis [3,4]. NASCET stenosis categoriza-
tion guides revascularization. Endarterectomy is highly
beneficial for symptomatic patients with >70% stenosis [5].
The benefit is more modest with 50%e69% stenosis
modulated by demographic factors for symptomatic patients
[5,6] and is muted in patients with near occlusion [7]. DSA
carries a stroke risk of approximately 1% [8] and, in clinical
practice, is being replaced by noninvasive tests, such as
magnetic resonance angiography (MRA), computed tomo-
graphic angiography (CTA), and Doppler ultrasound (DUS)
for assessment of carotid stenosis [9e11]. Recent advances
in high-speed multidetector computed tomography (CT)
allow CTA that accurately depicts carotid stenoses [1,3,9e
13]. Direct millimeter measurements of the carotid stenosis
diameter on CTA were shown to correlate with NASCET-
style ratios [1] and with luminal cross-sectional area [14].
Stenosis diameters and NASCET-style ratios can be
measured on the axial source images (AxS), oblique axial
multiplanar reformats (MPR), or maximum intensity
projections (MIP) of CTA data. AxS images [1,15,16], MIP,
or other 3D images [17,18], and MPR images [9,11,13] have
all been advocated for measuring carotid stenosis. AxS
images allow confidant distinction of luminal enhancement
from adjacent calcification [1], are easiest to obtain with the
least operator intervention, and are expected to yield the
most reproducible measurements. Theoretically, source
images may underestimate the severity of stenosis if the
lumen at the tightest area of narrowing passes obliquely
through the axial plane [13]. An axial oblique (AxO) MPR
perpendicular to the stenosis, therefore, is preferred by some
investigators [9,11,13]; however, the extra steps required
may introduce measurement variability and decrease reli-
ability. MIP images provide the closest analog to DSA
images and are useful for quick stenosis visualization but are
limited by vessel calcification [1,13,15]. Our hypothesis is
that direct stenosis-diameter measurement on the AxS
images provides the most reliable method of quantifying and
categorizing stenosis on CTA.Materials and MethodsPatient CohortAll consecutive patients who had both DUS and CTA
within 30 days of each other, between January 2004 and June
2006, at a single institution were included. A total of 198
patients had both CTA and DUS. Seventy-eight patients who
had a separation of >30 days between CTA and DUS were
excluded. Of the 240 vessels on the remaining 120 CTAs,
195 had <40% stenosis and were excluded from further
analysis. This threshold was selected based on the known
prognostic significance of stenosis >50% [6] and an 8%
standard deviation in NASCET-style measurements [11,19].
Forty-five arteries with > 40% stenosis formed the patient
cohort. Patients with near occlusion (n ¼ 11) and occlusion
(n ¼ 5) were identified by consensus and separated, which
left 29 arteries for full analysis. The study was research
ethics board approved.Study ProtocolCTA. CTA was performed by using a Lightspeed Plus 64
section helical CT with a 6.3 MHU Performix tube (GE
Medical Systems, Waukesha, WI). Parameters included the
following: helical HS mode, 7.5 mm per rotation table speed,
0.625 mm  0.625-mm collimation; technique factors, 120
kVp and 350 mA; scan direction and coverage, aortic arch to
vertex, 15 cm FOV. A total of 125 mL Omnipaque 300
(GE Healthcare, Princeton, NJ) was injected at 4.0e4.5 mL/s
(18- or 20-gauge cannula) into an antecubital vein. A
17-second scan delay or SmartPrep (GE Healthcare) at the
pulmonary artery was used.
DUS. All ultrasound examinations were performed by an
experienced ultrasound technologist at a vascular laboratory
accredited by the Intersocietal Commission for the Accred-
itation of Vascular Laboratories by using an HDI 5000 (ATL/
Phillips, Eindhoven, The Netherlands), with a L7-5 MHz
transducer or a Aplio (Toshiba, Tokyo, Japan) with L7-4
MHz transducer. Grey-scale and colour-Doppler images
were obtained, as well as full Doppler spectra of the internal,
external, and common carotid arteries. Angle-corrected
measurements of internal carotid artery (ICA) peak systolic
velocity were obtained from the Doppler spectra. DUS
provides an independent noninvasive means of quantifying
carotid stenosis. By international consensus, measurement of
the peak systolic velocity (PSV) through the stenosis allows
129Carotid stenosis measurement: CTA technique / Canadian Association of Radiologists Journal 61 (2010) 127e132stratification of stenosis as follows: <50% stenosis for PSV
<125 cm/s, without grey scale evidence of plaque, 50%e
69% stenosis for PSV 125e230 cm/s with evidence of pla-
que, >70% stenosis when PSV >230 cm/s with evidence of
plaque [20].Image Analysis and InterpretationAll carotid arteries were independently evaluated by each
of 2 neuroradiologists in a blinded protocol. Each reader
evaluated the arteries at separate sessions to allow intra-
observer variability measurements. Images were viewed on
an AGFA Impax 4.5 PACS station (AGFA, Mortsel,
Belgium). All millimeter measurements were made on
magnified images by using the PACS station submillimeter
measurement tool. Carotid stenosis measurements were
made by manually placing measurement calipers at the
contrast interfaces that defined the narrowest portion of
residual lumen at the carotid bulb. Window and level settings
were meticulously adjusted for calcified stenoses to best
demonstrate the contrast interfaces. All distal ICA diameters
were measured well beyond the bulb, where the walls areFigure 1. (A, B, D) Methodology for stenosis measurement on (A) maximum in
oblique (AxO) images. (C) AxO multiplanar reformats (MPR) were created by t
long axis of the residual carotid bulb lumen at the site of tightest stenosis.parallel and no longer tapering from the bulb, as per NAS-
CET methodology [1,2].
Measurements were made separately on the AxS images,
AxO MPRs, and MIPs. AxO MPRs were created by the
reading neuroradiologists according to a priori agreement by
using the PACS workstation MPR tool (Figure 1). AxO were
oriented perpendicular to the long axis of the residual carotid
bulb lumen at the site of tightest stenosis. Likewise, AxO
images oriented perpendicular to the long axis of the ICA
beyond the carotid bulb were created with the MPR tool and
used to measure distal ICA diameter. CT technologists
created all MIPs at the CT console. Coronal and sagittal MIP
images were created with 7-mm slice thickness and 3-mm
intersection gaps. Rotational MIPs were centered on each
carotid bifurcation, with a thickness of 7 mm and a spacing
angle of 5. Measurements across the narrowest bifurcation
stenosis and across the distal ICA were made by the neuro-
radiologists on the MIP images that best demonstrated these
areas.
NASCET-style ratios of carotid stenoses were measured
for each imaging method. By consensus, carotid arteries that
were occluded or nearly occluded on CTA were identifiedtensity projection (MIP) parasagittal, (B) axial source (AxS), and (D) axial
he reading neuroradiologists by aligning the AxO plane perpendicular to the
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decreased calibre of distal ICA when compared with
contralateral ICA, expected ICA diameter, and contralateral
external carotid artery (ECA) diameter, as previously
described [21].Statistical MethodsData were analysed by using the statistical software
package SPSS for Windows, version 12.0.0 (SPSS Inc.,
Chicago, IL). Interclass correlation coefficients were calcu-
lated to evaluate intra- and interobserver agreements for
measurements of proximal stenosis diameter and NASCET-
style ratios on AxS images, AxO MPRs, and MIPs.
Each reader graded a stenosis according to NASCET and
direct millimeter stenosis measurements for each of the 3
measurement techniques. The patients were divided into cate-
gories, dependent on the degree of stenosis. Severe NASCET
stenosis of >70% corresponds to 1.3-mm proximal stenosis
on axial imaging according to previous publications [1].
Average measurements of proximal stenosis diameter and
distal ICA diameter (from all measurements on axial images)
were used to create a NASCET-style ratio as a reference
standard for each artery. The performance characteristics for
correct identification of severe stenosis by measurement of
a proximal stenosis diameter on each image type were
evaluated relative to this NASCET-style reference. For each
image type, agreement of stenosis categorization derived
from a single proximal measurement was compared with the
NASCET-style reference by using Cohen’s kappa statistic.
Correlation of the 2 categories for each imaging type was
expressed by the Pearson coefficient.
ResultsIntra- and Interobserver Agreement for Millimeter
Stenosis DiameterThe mean millimeter stenosis diameter as measured by
the 2 readers on each of the 3 types of CTA image is shownTable 1
Intraobserver reliability for a single proximal stenosis and NASCET-style
ratio measurement for 2 readers for each imaging type
Reader 1 Reader 2
Mean
stenosis
diameter
(mm)
ICC
stenosis
diameter
ICC
NASCET
ratio
Mean
stenosis
diameter
(mm)
ICC
proximal
diameter
ICC
NASCET
ratio
AxS 1.8 
0.6
0.92 0.93 1.8 
0.8
0.92 0.87
AxO MPR 1.8 
0.9
0.86 0.87 1.8 
0.9
0.89 0.82
MIP 1.7 
0.8
0.86 0.84 1.9 
0.9
0.70 0.66
NASCET ¼ North American Symptomatic Carotid Endarterectomy Trial;
ICC ¼ interclass correlation coefficient; AxS ¼ axial source; AxO ¼ axial
oblique; MPR ¼ multiplanar reformat; MIP ¼ maximum intensity
projection.in Table 1. Intraobserver reliability for proximal stenosis
diameters and NASCET ratios is highest for AxS images,
followed by AxO and MIP images.
High intraobserver agreement for proximal stenosis and
NASCET ratio measurements for AxS and AxO images
allowed calculation of average values for each reader per
stenosis. Interobserver variability for mean proximal stenosis
and NASCET ratios of each reader is expressed in Table 2.
Interobserver agreement is excellent for proximal stenosis
measurement for all techniques but lower for NASCET-style
ratios, especially MIP images.Identification of Severe StenosisMean proximal and distal measurements for each artery
were derived and used to calculate a NASCET-style ratio that
was considered a reference standard for each artery, as
previously published [1]. For each image type, the perfor-
mance characteristics of using a proximal diameter
measurement of 1.3 mm to identify >70% stenosis was
assessed against the NASCET-style reference (Table 3). The
performance of DUS velocity thresholds was also assessed.
AxS and AxO images performed best, followed by DUS and
MIP images.
Scatter plots (Figure 2, AeC) of proximal stenosis diame-
ters measured on each image type against the NASCET-style
percent stenosis reference. Pearson correlation coefficients
show a high degree of correlation for AxS and AxO images,
with a lower correlation coefficient for MIP images.Discussion
We demonstrated that a single measurement on AxS
reliably determined stenosis without the need for time-
consuming NASCET-style measurements derived from AxO
measurements. MIP measurement is least accurate, and DUS
is intermediate for stenosis measurement. NASCET-style
measurements of carotid stenosis by 2-dimensional catheter
angiography is considered the reference standard, although
studies that used 3D DSA showed that the technique
underestimates stenosis by 2%e3% [3,13]. DSA is also
associated with a small but not inconsequential stroke risk
that has limited its use since the emergence of noninvasiveTable 2
Interobserver reliability for a single proximal stenosis and NASCET-style
ratio measurement for each imaging type
ICC (reader 1 vs reader 2)
Stenosis diameter NASCET ratio
AxS 0.89 0.84
AxO MPR 0.92 0.86
MIP 0.88 0.79
NASCET ¼ North American Symptomatic Carotid Endarterectomy Trial;
ICC ¼ interclass correlation coefficient; AxS ¼ axial source; AxO ¼ axial
oblique; MPR ¼ multiplanar reformat; MIP ¼ maximum intensity
projection.
Table 3
Performance of a single proximal stenosis measurement for each imaging
type to identify 70% stenosis against the NASCET-style reference
Proximal diameter measurement
AxS AxO MIP DUS
Sensitivity 0.90 1.00 0.81 0.94
Specificity 0.87 0.75 0.63 0.67
PPV 0.95 0.86 0.85 0.80
NPV 0.78 1.00 0.56 0.89
Accuracy 0.90 0.90 0.76 0.83
Kappa 0.75 0.78 0.42 0.70
NASCET ¼ North American Symptomatic Carotid Endarterectomy Trial;
AxS ¼ axial source; AxO ¼ axial oblique; MIP ¼ maximum intensity
projection; DUS ¼ Doppler ultrasound; PPV ¼ positive predictive value;
NPV ¼ negative predictive value.
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[8,10,11,20].
Compared with DSA, CTA is relatively safe, inexpensive,
and widely available [10]. The spatial resolution and speedCorrelation of Stenosis Diameter on Axial Source Images 
with NASCET Ratio
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Figure 2. Correlation of (A) axial source (B) axial oblique multiplanar reformat (
measurement with NASCET-style reference.of acquisition of CTA are superior to most contrast-enhanced
magnetic resonance imaging techniques [9,11]. CTA data
may be postprocessed and displayed in a variety of ways that
may influence the measurement of severity of stenosis
[11,17,18].
AxS images represent the raw acquired CTA data.
Theoretically, these may underestimate the severity of
stenosis if the proximal stenosis passes obliquely through the
axial plane [13]. An MPR tool, therefore, can be used to
create AxO images perpendicular to the tightest stenosis. The
extra steps involved in selecting an oblique plane are time
consuming. Berg et al [13] showed slightly lower intra- and
interobserver agreement for NASCET-style measurements
with this technique (intraobserver correlation, 0.79; inter-
observer correlation, 0.83) than we found in this study
(intraobserver correlation, 0.82e0.87; interobserver correla-
tion, 0.86). The small discrepancy may relate to methodo-
logical differences, such as exclusion of near occlusions from
the current study, in addition to minor variations inCorrelation of Stenosis Diameter on Axial Oblique
MPRs with NASCET Ratio 
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132 P. Howard et al. / Canadian Association of Radiologists Journal 61 (2010) 127e132measurement technique and software tools. We found
excellent intra- and interobserver reliability on both AxS and
AxO images. There is also excellent agreement of each
proximal measurement with a NASCET-style ratio. We
observed stenosis misclassification for AxS images in similar
numbers of patients compared with AxO MPRs. Our tech-
nique of proximal stenosis measurements from AxS images
by using appropriate magnification, windowing, and
a submillimeter electronic caliper was previously described
[1]. Careful attention to window width and level on AxS
images is necessary for grading carotid stenosis in the
presence of calcified plaque [1]. With these considerations
we, therefore, advocate the use of AxS images for quick and
reliable measurement of carotid stenosis above other more
time-consuming techniques.
MIP images closely resemble catheter angiography views.
In our experience measurement of proximal stenosis on MIPs
increased both over- and underestimation of stenosis severity
compared with measurement on axial images. Furthermore,
carotid calcifications can prevent accurate measurement of
stenosis on MIP images [1,13,15]. We demonstrated higher
inter- and intraobserver variability and lowest accuracy with
this technique. The accuracy of DUS in this study was higher
than measurement on MIPs and lower than measurement on
AxS images. This is consistent with earlier meta-analysis
that showed similar accuracy for CTA and DUS [12].
Many commercially available software packages allow
semiautomatic analysis of vessel diameter and percent stenosis.
Recent reports on the accuracy of semiautomatic analysis donot
show a benefit relative to manual measurement [16], so
identifying a reproducible and efficient means of manually
evaluating carotid stenosis data remains clinically relevant.
In addition to refining techniques for measuring the lumen
and degree of stenosis, new imaging methods are focusing on
imaging the carotid vessel wall and atherosclerotic plaque in
an attempt to predict stroke risk [22]. A limitation of CTA is the
inability to assess mural characteristics that define subgroups
with higher risk. However, CTA remains widely used in the
confirmation or refinement of characterization of DUS
screened stenosis [10,16]. We concluded, based on this study
and our previous studies, that a single proximal stenosis
measurement remains the measurement technique of choice.References
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